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SUMMARY

The Influences of both hole cold expansion and interference-fit fasteners for extending the
fatigue life of multi-layer aluninium alloy joint specimens under variable-amplitude loading *
have been examined experimentally. Improvements in fatigue life %ere markedly dependent
on the degree of load transfer in the specimen joint. The cold expansion of fastener holes
enhanced fatigue life in low-load-transfer joints but not in 100%-load-transfer joints. The
use of interference-fit fasteners, especially at high degrees of interference, was an effective
means of life improvement irrespective of proportion of load transfer. Interfacial fretting
limited the improvement in fatigue life of low-load-transfer joints to a factor of about 6, and,
although some fretting occurred In 100%-load-transfer joints it was not do~terminative, and a
40-fold increase in fatlgu6 life was obtained with a combination of hole cold expansion and
interference-fit faytener,
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1. INTRODUCTION

Most, if not all, of the processes currently used to increase fatigue life were developed
during the period when design lifing philosophies for metal aircraft structures did not
take into account the benefits available. Rather, the philosophy adopted was to use the
potential increases as a safeguard; the processes were used only to extend life beyond that
otherwise deemed safe, or to reclaim it when premature cracks were found. This •
philosophy has now changed. Some recent high-performance military aircraft, at least,
use established life enhancement techniques in the manufacturing process. An example
is the McDonnell Douglas F-IS which uses shot peening, hole cold expansion, ring pad
coining, and interference-fit fasteners in order to achieve the design life. The quests for
higher performance and economic value now make it more important than ever not only 0 0
to quantify the life improvements but to ensure that they are optimum.

Possibly the technique most widely used in engineering practice to improve the fatigue
life of metal components with holes is the Boeing split-sleeve cold-expansion process
now marketed by Fatigue Technology Inc., Seattle, USA. Fatigue life increases by
factors up to about 10 or more have been reported for this proce-s [1-3], though factors of
2 to 5 are more common [4-6]. The actual magnitude depends on a number of process
and testing variables, and generally increases with life. It is commonly thought that the
life improvements arise from the resultant compressive residual stress field surrounding
the plastically expanded hole, leading to a reduction In the mean fatigue stress level in the
local regions where cracks eventually initiate, The applicatioii of hole cold expansion to * * *
multi-layer joints has rec.ived only limited attention, yet most holes exist for the purpose
of joining two or more layers of material. An investigation by Mann et al. [7] into the
life improvements by cnld n xpansion of three-layer aluminium alloy stacks, has given the
following results:

9 for single-layer open-hole specimens (though cold expanded with side plates) the 0

life improvement ratio was 7.7,

* for low-load-transfer two-fastencr joint specimens the life improvement ratio was
2.6,

* for the latter specimens, cracking was initiated by fretting between the fayiiig
surfaces about 3 mm from the edge of the hole where the cold expansion caused
surface protrusions in both specimens and side plates.

It appears that fretting initiation of fatigue cracks may prevent the full benefit of cold 0
expansion being realised in multi-layer" metal joints. Fretting arises from the relative
movements of opposing surface asperities; such movements, often, may be of the order of
only 100 =m. These motions can quickly rupture any oxide film, leading to cold welding
of the asperities and then their fracture from high strain fatigue. Material is thus
transferred from one surface to the other, gouges and pits are formed, and stress *
concentration rapidly occurs leading to early crack initiation and growth [8]. This
process is particularly potent at the junction of slip/no slip regions on the surface.
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If relative movements could be limited in joint faying surfaces the benefits of cold
expansion of the fastener holes might be expected to be greater than otherwise. In
aircraft construction clamping forces via fastener torques are usually standardised and S S
hence are not a ready means available to reduce relative movernirnts. It was thought,
however, that a reduction could be achieved by the use of interference-tit fasteners, a
common method in its own right for improving fatigue life, The interference fit would
give a preloading effect which, though increasing the mean fatigue stress at the point of
maximum stress concentration at the edge of the hole, decreases the alternating 0
component of the stress and hence the degree of relative movement.

This report describes an experimental examination of the influence of fastener
interference on the fatigue life of non-secondary-bending multi-layer aluminium alloy
specimens with cold-expanded holes. Given the possible role of fretting and its
dependence on the amount of relative movement, which in turn depends on the load
transfer characteristics of the joint, both low-load-transfer and 100%-load-transfer joints
have been examined.

2. SPECIMENS

All specimens (excluding side plates and fasteners) were manufactured from 45 nun
thick rolled plates of 2214-T651 aluminium alloy, the loading direction being the
longitudinal direction of the plate. The side plates were machined from 2024-T4 0 0
rectangular-section extruded bar, and the fasteners were of high-tensile steel and were
ground to produce specific diametral interferences. The configurations of the
low-load-transfer and the 100%-load-transfer bolted joint specimens are shown in Fig, I.

Prior to assembly the contacting faces of the cover plates and the specimens were
polished with a final finish of 800 grade paper in the longitudinal direction of the
specimens. Unless noted otherwise, the polished faces were clamped together, after
degreasing, without any interface lubrication or treatment. All cold expansions of the
three-layer stacks used the Fatigue Technology Inc. split-sleeve process and tooling, and
were made in a jig which aligned the holes in the three layers and kept the stack clamped *
during the expansion, subsequent reaming, fastener insertion and nut tightening, The
full process was applied to one hole at a time. The fastener insertion procedure consisted
of degreasing the fastener and hole, lubricating both with barium chromate grease, and
forcing the fastener (for those with an interference fit) through the hole using the tapered
lead and the cylindrical integral washer as guides for centrality. Interference fastener
insertion was made in a servohydraulic test machine and force-displacement plots were
obtained mainly for quality control. All fasteners were clamped to a standard torque of
19.2 Nm.

Specimens were assembled with hole cold expansions of either zero or 4%, and fastener
interferences of either zero, 0.5%, 1.5%, or 3% (three 100%-load-transfer specimens
only). Table 1 lists the cold expansion details and the hole and fastener diameters which
produced these conditions.

* 0
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3. LOW-LOAD-TRANSFER JOINTS

3.1 Testing and Results

Specimens were tested in a standard servohydraulic fatigue test machine of 600 kN
capacity with computer control to specify and monitor the load sequence appl~ed. The
load sequence employed was of a flight-by-flight type developed from the stress history
of a fuselage bulkhead of a fighter aircraft - specifically the FS488 bulkhead of
Australian F/A-18 aircraft 103 [9]. The sequence has a program length of 18,648
turning points which is equivalent to 255.4 flight hours and the average cyclic frequen'cy
used was 1.86 14z, All tests were made at a maximum net-area stress of 350 MPa, as
referred to the central portion or the three-layer stack, this stress being chosen to give
lives typical of fighter aircraft.

The combinations of cold expansion and interference fit were as noted above, that is,
expansions were either zero or 49, and fastener interferences were either zero, 0.5%, or
1.5%. Four specimens were tested under each combination and the results, in flying
hours, are given in Table 2(a). Figure 2 is a logarithmic plot of lives enabling visual
comparisons of porformance,

Non-cold-expanded specimens with neat-fit fasteners failed, as expected, at the minimum
section across one of the fastener holes. All other specimens had some form of hole life
enhancement treatment and tended to make the traditional failure region, that is, across
the holes, superior in fatigue life to other parts of the specimen. These tended to fail
from the stress concentration of the fillets which joined the test section to the grip portion
of the specimen. Fillet failure was overcome by rourding the square fillet edges and
shot-peening the fillet regions, again forcing failure to within the test section. The
results shown in Table 2 are from specimens, all of which, for consistency, had the fillet
regions shot-peened. •

3.2 Statistical Analysis

An examination of Table 2(a) or Fig. 2 indicates a substantial increase in fatigue life by
cold expansion and by the use of interference-fit fasten.zrs. It is not clear, however, that 0
combinations of these processes have any added advantage. The fatigue lives were
analysed using a two-way analysis of variance and the standard t-test for significance
between means; the analyses used the logarithm of the life and a significance level of
0.05. The results are best described in relation to Table 3 which lists several ratios of
nwan lives.

Cold expansion of the fastener holes, by itself, significantly increases life-by a factor of
about four. It is also clear from Table 3 that there is no significant effect of cu'
expansion in the presence of interference-fit fasteners. Likewise, fastener interference,
by itself, also significantly increases life, this time by a factor of about six. There is also
significant interaction, that is, the effect of fastener interference is dependent on the 0 0
degree of cold expansion; the factor of six just mentioned is reduced to about 1.4 in the
presence of cold expansion. This cbange is quite significant, but the factor of 1.4 itself is
on the borderline of significance, that is, in the presence of cold enpansion, fastener
Interference provides only a marginal further increase in life. Additionally, the change
in interference from 0.5% to 1.5% has not influenced the fatigue life. S 0
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3.3 Fretting h

Ile concept that fasteners with interference might eliminate the fretting associated with
the surface protrusions adjacent to holes cold expanded as a multi-layer stack appears
only partially satisfactory when considering the fatigue lives obtained experimentally-
cold expansion gave a life improvement by a factor of 4, and interference-fit fasteners in
such holes added a further factor of less than 1.5, which is on the borderline of
significance. It might then be expected that fretting has been little alleviated by the use 0
of interference.

Figures 3 and 4 "how typical side plate fretting wear and the associated specimen fatigue
fracture for holes with zero and 4% cold expansion respectively. For specimens with
tion-expanded holes, fatigue fracture with the neat-fit fasteners commenced at many sites
along the bore of the hole probably resulting from fretting between the fastener shank and
the surface of the hole-see Fig. 3(a). Fasteners with 0.5% interference allowed
side-plate fretting to dominate the fracture mode-fatigue fracture initiating from fretting
either near the hole edge, the specimen edge or the specimen face near the end of the side
plates, a location of maximum relative movement, as shown in Figs. 3(b) and 5.
Fasteners with 1.5% Interference allowed similar modes though initiation near the hole
was transferred to the regions just outboard of the hole in the loading direction, Fig 3(c).
This was an area of severe fretting, where the out-of-plane displacements due to the
interference were evident in combination with maximum relative displacements under the
cyclic stress for this area. * * *

For specimens with cold-expanded holes fretting also dominated. With neat-fit fasteners
fatigue fracture initiated, mostly, adjacent to the hole along the centreline of loading,
Fig. 4(a), and with interference-fit fasteners severc side plate fretting caused initiation to
occur near the edges of the specimen.1 , Fig. 4(b). These edge regions were the dominant
sites for the main fracture although extensive cracking also occurred in the fretted regions 0 6
around the holes, as illustrated in Fig. 6.

The previous work by Mann et al. [7] had indicated that for cold expansion the location
of the maximum in the out-of-plane displacements did not always occur at the edge of the
hole, depending to some degree on the stack-up details and the mandrel pulling direction.
In the present tests it is likely that the maximum occurs in a circular band commencing
about 1 mm from the edge of the hole, particularly for conditions of high interference.
This is evident in Figs 4(b) and 6.

3.4 Discussion

It is apparent from the test lives and fracture modes described above that the aim to
improve the life of cold-expanded multi-layer stacks by the use of intcrference-fit
fasteners has not been achieved because of the intervention of crack initiation by
interfacial fretting. As mentioned earlier, the benefits of cold expansion in a multi-layer
stack appear to be limited by local fretting adjacent to the holes and it was thought that
the use of interference-fit fasteners might overcome this problem. Such fasteners have
given a small improvement in !atigue life but this arrangemen, also has run foul of
fretting fatigue cracks initiating at other side-platc/specimen-surface regions.
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Following the same logic, can the jointing details be arranged to eliminate fretting in the
regions observed with the hope of a further increase in life? Two means seem possible ()
(10]; the first is to decrease relative movements, and the second is to reduce interfacial 5
friction. The second option was considered to be not viable in the present context: it
would involve the use of surface lubricants, hence the load transfer capability of the joint
would be degraded.

Decreasing the intensity of the relative movements appeared a promising strategy, since,
if anything, load transfer would be increased. Using specimens which had 4%
cold-expanded holes and 1.5% interference-fit fasteners two groups of procedures were
examined. The first group attempted to relieve the very localized relative movements
occurring around the fastener hole regions. One method was to carry out the cold
expansion in the three-layer stack (using neat-fit fasteners), disassemble, repolish both
side plates and specimen to remove out-of-plane material, and re-assemble with
interferencc-fit fasteners. A second method was to ensure no relative movement
between side plates and specimen around the hole by counterboring the side plates in this
region. At the same time the edges of the side plates were radlused to allow a smoother
pick-up of load by the side plates and hence give a more uniform load transfer and less
fretting.

The other procedure for reducing the degree of relative movement was to use an interface
layer to mechanically increase friction. A commercial product, 'Screenbak'* , an
abrasive mesh, was used for this purpose. Two arurngements were examined, The first
was to insert Screenbak between the side plates and the specimen before the cold 0 S *
expansion and fastener insertion. The second arrangement was to cold expand the
three-layer stack without the Screenbak (using neat-fit fasteners), disassemble, re-polish
to remove out-of-plane material on Litth specimen and side plates, insert Screenbak and
re-assemble with the interference-fit fasteners,

Two multi-layer specimens for each of the tour treatments above were assembled and
tested under the same conditions as those noted previously, and the fatigue Jives are given
in Table 2(b). Again, the lives are presented graphically in Fig. 2, and it is evident that
there have been no marked increases. Statistical tests confirmed that, compared with the
condition of 4% cold expansion and 1.5% fastener interference. the fretting alleviation
measures examined have been ineffective in increasing fatigue life. 1iuis may be seen
from Fig. 7 where it is evident that although fretting in the vicinity of the fastener holes
has been effectively reduced, fietting from other regions of the side plates has dominated
resulting in no further life improvement.

Geometrically, the polishing and counterboring techniques make the specimens similar to •
those without cold expansion, that is there is no out-of-plane material capable of localised
fretting, but even so, some life improvement was expected from the cold expansion
residual stresses. In tha event, fretting from other regions of the side plates intervened.
Screenbak has been used for many years in the gripping sections of fatigue specimens,
promoting load transfer and effectively minimising fretting-initiated failures from these •
regions. No such advantage was gained with the present specimens and it can bc seen
from Fig. 8 that the abrasionts caused by the Scrcenbak initiate fatigue fracture.

Screcnbak is an open nylon mesh impregnated with tin abr:i•ive, manufactured by Norton Pty Ltd. •
The particular product used in the present tests wu's Methlitc Screenbak, with 360 grit aluminium
oxide on a 3 mm square mesh.
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It is apparent that good load transfer and no interfacial fretting are incompatible aims with
low-load-transfer joints, leading to the situation where the potential for life improvements
with hole cold expansion combined with interference-fit fasteners is not fully realised. For
the more-practical case of higher load transfer joints it was thought that interfacial fretting
would not dominate and that the full potential for improvements in life might be obtained.
The next Section describes similar tests on 100%-load-transfer joints.

4. 100%.LOAD-TRANSFER JOINTS

4.1 Testing and Results

The specimens shown in Fig. l(b) were designed to enforce failure through the 2214 0
aluminium alloy test material rather than allow fastener failure through either fatigue or
static fracture. They were tested identically with the low-load-transfer specimens except
the net-area stress was reduced to 230 MPa in order to give similar lives. Again, all
combinations of cold expansion and interference fit, as mentioned above, were examined,
and four specimens were tested under each combination except for the 3% interference
fit, the results being given in Table 4. Figure 9 shows a logarithmic plot of the lives to
indicate comparative performances.

All but two specimens failed through the fastener hole. The two exceptions were from
the 4% cold expansion group with neat-fit fasteners, and had fastener failure lives of 990
and 1848 flight hours (which are similar to the two specimens which failed through the
bolt hole-950 and 1242 flight hours). In retrospect, the condition that might encourage
fastener failure should be when the hole is life enhanced by cold expansion and the
.astener is able to suffer the most bending during load transfer, which is the neat-fit case
where the support for the fastener is the smallest. The fact that the only failures to occur
from fasteners were from this group is an irdioator that although the specimen design 0
was borderline for this case, it g.merally was quite satisfactory. Given that the
fastener-tfailure specimens also had long fatigue cracks emanating from the hole (5.1rmm
long in one specimen and 3.7mm long in the other), and that the fastener-failure and
hole-failure test lives were similar, the four lives are grouped together for analysis.

4.2 Statistical Analysis

The statistical tests described for analysing the results from the low-load-transfer
specimens were applied also to the 100%-load-transfer specimens. The results are
described in relation to Table 5 which lists various ratios of mean lives.

For neat-fit fasteners, that is, in the absence ot interference fit, there is no significant
influence of cold expansion on fatigue life. The factor of 1.23 shown in Table 5 is an
apparent increase in life only, and is not statistically significant. In the presence of
interference-fit fasteners, however, cold expansion significantly improves fatigue life, the
life improvement factors range from about 4 to about 8, depcirling on the fit of the
fastener. Said another way, in an overali sense, statistically there is a significant effect
of cold expansion on fatigue life, but there is also significant interaction between cold
expansion and depree of interference.

* 0
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Except for the case of no cold expansion with 0.5% interference fasteners, there is a
significant and progressive increase in fatigue life with increasing degree of inter.erence,
This statement applies to specimens with and without prior cold expansion of the holes. 0
The maximum fatigue life is attained for the case of cold expansion combined with the 4
maximum degree of fastener interference examined, namely, 3.0%.

In summary, compared with the baseline lives of specimens with no cold expansion and
with neat-fit fasteners, cold expansion, by itself, gives no significant ihcrease in life, • S
interference fit, by itself, gives a maximum 5-fold improvement in life, but the
combination of cold expansion and interference fit gives a maximum life improvement of
more than 40-fold.

4.3 Fretting

Under all conditions of hole cold expansion and degree of interference of the fastener
extensive fretting occurred between the fastener and the bore of the hole and this feature
contributed to the many crack initiation sites along the bore. As mentioned above, all
specimens, except the two which experienced fastener failure, failed through the fastener
hole, and this has been assisted by the considerable fretting. Examples of this mode of
failure are given in Figs 10 and 11. It is notice, ole in Fig. 10 that there is a larger
amount of fretting in the hole and on the initial rcgions of the fatigue fracture surface
when the fastener has an interference fit, and this observation might seem at variance 0
with the longer fatigue lives for this condition. The likely explanation is that with
tighter fasteners the fretting products have less means of escape than with neat-fit
fasteners, and with the looser neat-fit fasteners the damage in the. bore of the hole may
possibly be more of a spalling nature than true fretting.

There was fretting between the specimen faces and the sideplates for all conditions 0
examined, examples of which are shown in Fig. 11. but it did not appear to contribute to
the failure mode. For specimens with neat-fit fasteners the fretting was confined to
regions around the hole, no doubt as a result of the deformation from the fastener
tightcring. Within this group the non cold-expanded specimens experienced face
fretting at the locations of maximum relative movement around the hole, Fig. 11(a), •
whereas for the cold-expanded specimens the out-of-plane displacement areas around the
hole were also regions of fretting, Fig. 1 (b). '! ,ie i.ace fretting patterns of all specimens
with interference-fit fasteners were similar--examples are given in Figs 11 (c) and (d).
It is apparent that the face distortions in the three layer stack arising from both the
interference of the fastener and its clamping are more complex than those when 0
interference is not applied.

S. GENERAL DISCUSSION *
5.1 Effect of Load Transfer on Life Enhancement

The present results clearly show that the effectiveness of two of the most common fatigue
life enhancement techniques is markedly dependent on the degree (,f load transfer in a
jointed specimen, and this dependence is illustrated in Fig. 12. For low-load-transfer •
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specimens, cold expansion of the fastener holes substantially increases fatigue life (a 4
factor of about 4) whereas with 100%-load-tranmfer specimens it gives practically no
improvement in life.

Again, the use of interference-fit fasteners as a means of extending life was quite - "
effective with low-load-transfer specimens (a factor of about 6), but its effectiveness with
100%-load-transfer specimens depended on the degree of interference, being ineffective
at 0.5% and progressing to a life improvement factor of about 5 at an interference of •
3.0%.

The effectiveness of the combined treatment of cold expansion and interference fit was
also influenced by the degree of load transfer. For low-load-transrer specimens the
combined treatments gave a life improvement factor of about 6 (Table 3) which was
independent of degree of interference. With 100%-load-transfer specimens the life
improvement factor ranged from about 5 to about 40 (Table 5), increasing with amount
of interference.

The maximum fatigue life with low-load-transfer specimens was obtained equally by
several treatments, either with interference alone, irrespective of amount, or in 0 0
combination with cold expansion. The maximum in life improvement was a factor of
about 6 and was obviously limited by the side-plate fretting, either at out-of-plane regions
near the holes resulting from the cold expansion or the interference fit of the fasteners,
or at regions of rnaximum relative movement near the ends of the side plates. With
100%-load-transfer specimens the maximum fatigue life occurred with a combination of 0 *
the maximum in both cold expansion and interference fit, ard, as mentioned above, was a
40-fold increase over the life of specimens with no cold expansion and neat-fit fasteners.
Side-plate fretting, though it occurred in these specimens, did not affect fatigue life.

* 0
Q.2 Comparison of Present with Published Results

The present test conditions were intended to simulate some of the main variables that
might be encountered in fatigue of aircraft structural joints, and although they differ from
those pertaining to published work, still it is worth coriparing, present with published 0 0
results where some relevance exists.

Schwarmaiin [2] has inve:itigated both cold expansion and interference fit in
high-load-transfer three-layer joint specimens of 7075 aluminium alloy tested under
constant- and variable-amplitude loading. The life improvement factors obtained •
depended on the maximum stress, being greater at lower stresses, but were rather
independent of loading sequence. Cold expansion (2.5-3.0%) ,igrificantly improved
life in all cases considered-a factor of about 5 at the lower stresses. Interference fit, by
itself, also gave large increases in life, progressively increasing with amount of
interference-the improvement factor being about 10 at 0.8% interference. A
combination of the two was even more effectivt in prolonging life, giving life
improvements of 40-50 times at some stress levels.

Some of these results agree with those of the present work en 100% - load - transfer
joints, others do not. The present results indicate no improvement in life with cold
expansion; the difference between t1i, and Schwarmann's result may possibly have to do 0 0
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with the levels of fastener bearing load. The present specimen used a single fastener
whereas Schwarmrann's specimens had four fasteners, snd hence a lower bearing load, ()
which, in light of his result that life improvements decreased with increasing stress level, 0 •
may, at least in part, resolve the apparent conflict. There. is good agreement, howevei,
on the influence of irterference fit where mean lives increased progressively with degree
of interfernnce and more so in the presence of cold expansion.

A test program reported by Phillips [4, 11] considered a large number of variables,
mainly concerning the cold expansion process. All his fatigue tests were made under
constant-amnlitude loading, and of some relevaxce a.e the results on 2024 aluminium
alloy. For zero-load-transfer single-layer specimens in which the holes had been cold
expanded, the use of 0.5% interference fasteners decreased (by a factor of about 4) the
life compared with t.he use of neat-fit fasteners. This was cemtainly not the case with the
present low-load-transfer specimens. It is interesting to note that Phillips reported the
failure locations as at the specimen edges, away from the holes, which, in itself, would
indicate that whatever processes were used to influence the region of the holes there
sh.ould be no significant difference in the life. For high-load-transfer three-layer
specimens Phillips found that, with neat-fit fasteners, cold expansion decreased the life
(a factor of nearly 2) which coincides fairly well with the present results that cold
cxp.ansion, by itself, does not improve life in higli-load-transfer joints. With the
insertion of 0.5% interference fasteners in the cold-expanded holes the experiments of
Phillips gave an improvement in life, as did the present work.

A ,minilar test program to that of Phillips has been conducted by Moore 15] on 2219 0
aluminium alloy, agaiu, using only constant-amplitude loading, in which a large number
of joint variables were examined including several percentages of load transfer. A single
layer of metal was used for zero-load-transfer specimens, 100%-load-transfer specimens
were comprised of thece layers, and intermediate percentage load transfer specimens had
two layers. Multiple regression analyses were made which indicated that, overall,
interference is more effective than cold expansion in enhaacing fatigue life. With 2%
cold expansion or interference, the cold-expanded life improvement was a factor of about
2, whereas the factor for the interference fasteners was approximately 5. Although not
giving the same numerical improvements, the present results show a similar trend,
namely, th.t interference-fit fasteners are more effective than cold expansion of fastener S
holes in increasing the fatigue life of joints.

Ozelton and Coylz [ 12] have reported constant-amplitude tests at one stress level on 7050
aluminium alloy single-layer single-hole zero-load-transfer specimens using both cold
expansion of the hole and interference-fit fasteners. The base conditiun of no cold
expansion with a neat-fit fastener was not examined but other combinations of cold
expansion and interference were tested. T'he results showed that interference fit (0.6%)
was more effective than cold expansion (probably about 4%) in increasing life, and that a
combination of the two processes was even more effective. The first of these
conclusions, that interference fit is more effective than cold expansion in life
enhancement agrees with the present results at both levels of Icad transfer, but the second
conclusion of the synergism of the two processes agrees only with the 100%-load-transfer
case of the present work.

Similar test conditions were examined by Rich and Impellizzeri [131 but on 7075
aluminium alloy single-layer zero-load-transfer specimens using spectrum loading. 0

S
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Specimens with holes cold expanded approximately 4.5% and with clearance fasteners 0
gave the same life as those without cold expansion but with fasteners having an C)
iaterference of about 1%.

In summary, the published work indicates: I.@)

(I) variability in the effectiveness of cold expansion to improve fatigue life,

(Qi) interference-fit fasteners give a higber and more-certain improvement in life
compared with the use of cold expansion,

(iIl) the combination of cold expansion and interference fit may give larger

impirvements in life than either process alone.

(iv) improvements in life are dependent on the joint and cyclic loading details.

Many of the results of the present work are covered by these statements.

6. CONCLUSIONS

1. The effectiveness of hole cold expansion in enhancing fatigue life is markedly
dependent on the degree of load transfer in the specimen joint. With
low-load-transfer specimens a life improvement factor of about 4 was obtained,
but with 100%-load-transfer specimens the process was totally ineffective.

2. The use of interference-fit fasteners extended the fatigue life of low-load-transfer
specimens by a factor of about 6 and was independent of the degree of
interference. However, with 100%-load-transfer specimens the life improvement 41
depended on the degree of interference, being ineffective at 0.5% but progressing
to a 5-fold increase in life at an interference of 3.0%.

3. The combination of hole cold expansion and fastener interference gave an
improvement in life in low-load-transfer specimens by a factor of about 6. With 0
100%-load-transfer specimens the factor ranged from about 5 to 40 and
increased with degree of interference.

4. The use of interference-fit fasteners did not prevent interfacial fretting, with its
resultant fatigue fracture, ir low-load-transfer specimens-hetnce the borderline 0 S
increasc in life by using Interference fasteners in cold expanded holes. Measures
to alleviate the fretting were ineffective and it appears that good load transfer
(through friction) and life improvement, in multi-layer joints, are incompatible
aims.

5. Interfacial fretting occurred in 100%-load-transfer specimens but not to the
extent of dominating failure. Life improvements with these joints should
thercfore be greater than with low-load-transfer joints and this was cornfi'rned
experimentally.

* 0

* 0 S
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Table 1. Cold-expansion and Interference-fit details

(a) hole diamieters

Initial diameter :8.36/8.37 mm
(all bolas)

Final diameter 8.81/8,82 mm
(after cold expansion [if appikablel
and reaming, and before fntoner00
Insertion)

(b) cold expansion

Mandrel designation CBM-1 0-2-N-I -20-VI

Splilt sleeve designation 1 0-2-N-23F

Degree of expansion 4.0%

(c) fastener diameters

Neat-fit. 8.79/8.80 mm

I0.6% interference .8,86/8.87 mm

1.5% Interference .8.94/8.95 mm

3.0% interference .9.08/9.09 MM
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Table 2. Spectrum fatigue lives of low-load-transfer joint specimens

0 0

(a) bare metal contact at faying surfaces

Cold expansion Fastener interference Fatigue life Log. average
fatigue life

(%) (%) (flight hours) (flight hours) 0
zero zero 2376 2638

2441
2697
3089
15667 16610
16530
17004
17285

145 14375 15735
15393
1M648
17703

4.0 zero 10041 10904
10103
11532
12084

0,5 10389 16275 0 0 0
16779
19662
20471,,

1.5 9765 15275
15727
16384 0

1 21635

(b) anti-fretting measurcs at faying surfaces 0
cold expansion : 4.0%

fastener Interference : 1.5%

Anti-fretting measure Fatigue life Log.'average
(flight hours) fatigue life 0

(flight hours)

"Cold expand, re-polish faying 13163 13929
surfaces, insert fastener%, 14740
Counterbore side plate holes and 15497 15733
radius side plate cdges, cold expand, 15973
insert fasteners, __ _

Interleave "Screenbak", cold expand, 16214 21728
insert fasteners, 25919
Cold expand, re-polish faying 16414 17662
iurfaces, interleave "Screenbak", 19006
insert fateners,

_ - -

k-
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0
*

Table 3. Ratios of mean lives or low.load-transfer Joint specimens

Compa~rio PRaido of
m n lives

zero fastener interference 4.14
4% cold expansion for 0 .,% 0,98
zero cold expansion 097

-0 0
0.5% fastener interference r : aro cold expansion 6.30
zero fastener interference f 4% 1.49

1,5% fastener Interference %am cold expansion 5,97
zero fastener Interference 4% " W 1,40 0

1,5% fastener Interference zeto cold expansion 0,95
0,5% fastener Interference f 4% 0.94

4% cold expansion and 0,5% fastener interference
zero cold expansion and zero fastener Interference 6,17 * 0 0

4% cold expansion and 1,5% Aatener Iiterference 5,79
zero cold expansion and zero fastener Interference

0 0

0 0

* 0

*0 0
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Table 4. Spectrum fatigue lives of 100%.load-transfer joint specimens

Cold expansion Fastener interference Fatigue life Log. average
fatigue life

(*) (%) (flight hours) (flight hours) 0 0
zero zero 848 9

884

914
1373

0.5 613 771
695
877
948

1.5 2181 2836
2198
3238
4167

3.0 4940 4940
4.0 zero 950 1212

990
1242 • 6 0
1848

0,5 3426 4667
4235
5008
6528

1.$ 6728 10728 •
9843
13360 4 7

3.0 33603 40427
48637
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0 0

Table$. Ratios of mean lives of 100%-load-transfer joint specimens

Comparison Ratio of
mean Ilves

zero fastener interferenco 1.23
4% cold expansion 0.5% 6.05
zero cold expansion f 1.5% 3,78

.3.0% P 8.18 0

0.5% fastener interference zero cold expansion 0.78

for
zero fastener interference f 4% " 0 3.86

1,5% fastener interference zero cold expansion 2,88

for •
zero fastener interference f 4% 38386

3.0% fastener interference or zero cold expansion 6,02

zwo fastener interference fo 4% " " 33.36

4% cold expansion and 0.5% fastencr interference 4,.74
zero cold expansion and zero fastener interference

4% cold expansion and 1.5% fastener Interference
zero cold expansion and zero fastener interference

4% cold expansion and 3% fastener interference
zero cold expansion and zero fastener Interference

* 0
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96 ----------, - § ....... .. .. .

(a) low-load-transfer joint specimen

Dimensions In mm 0

379 ------ •
33R

96 7 ------ ---- ---- ... . . . . ..... _ . 5 0

4-208 ----
240H e ;24 1

125219 50.h
(b) 100%- load-transfer joint specimen

-60.5
7 +. 38

017.5---------------8.5

Diameter (Tabie 1)
8mm thread

(c) Fastener 0 0

FIG. 1. MultI-layer fatigue specimens

* ~0
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(a) neat-fit fasteners, (b) 0.5% Interference
fasteners,

0 0

() natft f 1(5% Interference

11 fasteners.

FIG. 3. Fractures and side plate -wear In low-lood-transfer specimens,
no cold expansion of holes.
xl
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(a) neat-fit fasteners. (b) 0.5% and 1.5% Interference 0 0
fasteners.

* 0

FIG. 4. Fractures and side plate wear In low.load-transfer specimens,
4% cold expansion of holes.
xl

*0 0
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fretting fatigue00

shot-peened
region --A--

FIG. 5. Severe fretting and fatigue fracture at end of side plate, 0 0
low-load-transfer specimen.
4% cold expansion, 0.5% fastener Interference.
xe

* 0

* 0

* 0

FIG. 6. Fretting fatigue cracks adjacent to fastoner holo, e
low-load-transfer specimen.
4% cold expansion, 1.5% fastener Interference.
xe
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(a) cold expanded, (b) side plate edges
out-of-plane displacements radlused arid holes
removed by polishing, counterbored before cold
re-assemrbled, expanmin and assembly, *

"(c)'* ~ (i) 'Screenbak' inserted
between side plates and 0
specimen before cold

(ii)exasocold expanded,
out-of-plane displacemenit-
removed by polishing,
'Screenbak' Inserted,
re-assembled,

FIG. 7. Fractures and side plate wear of tow-load-transfer specimens
with 1.5% interference fasteners. Measures to reduce fretting
around fastener holes.
X1
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1.5% fastener Interference.
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Zero cold ox n~sn] 4% cold expanslon

neat-fit fastener,

* 0

1.5% Interference fastener.

* **

3.0% Interference fastener.

FIG. 10. Fractures of 100%-load-transfer specimens.
x1.5



(a) no cold expansion, (b) 4% cold expansion,
neat-fltfastener. neat-fit fastener.*

(c) no cold expansion, (d) 4% cold expansion,*
165% interference fastener. 3% Interlerenco fastener.

FIG. 11. Face fretting and fracture path In 100%-load-tranlsfer specimens.
X1
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40 Lowlad-transfer 40 0%-Ioad-transfer

35 35 I
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20-20 -

I

15 -15

10 10 - 04--•

5 5

0 0.5 1.0 1.5 0 0.5 1.0 1.5 2.0 2.5 3.00

Fastener Interference (%)
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FIG. 12. Fatigue life Improvement by hole cold expansion and fastener
Interference (compared with no cold expansion and neat-fzit
fasteners).

20 20m ,* 0 0



DISTRIBUTION 0
AUSTRALIA 0

DEFENCE ORGANISATION

Defence Science and Technolog OrQiaglton
Chief Defence Scientist 1 0 6
FAS Science Policy shared copy
AS Scicace Corporate Maiagemeat
Counsellor Defence Science, London (Doc Data Sheet only)
Counsellor Defence Science, Washington (Doc Data Sheet only)
Senior Defence Scientific Adviser (Doc Data Sheet only) 0
Scientific Advisor Policy and Command (Doc Data Sheet only)
Navy Scientific Adviser (3 copies Doc Data Sheet only)
Scientific Adviser - Army (Doc Data Sheet only)
Air Force Scientific Adviser

Aeronautical Research Laboratory
Director
Library
Chief Airframes and Engines Division
Author: J.M, Finney * •
I.G. Sparrow
M. Heller
G.S. Jost
C.K. Rider
R.L. Evans

Materials Research Laboratory
Director/Library

Main Library -DSTO Salisbury

OIC TRS, Defence Central Library
Document Exchange Centre, DSTIC (8 copies)
Defence Intelligence Organisation 0 0
Library, Defence Signals Directorate (Doc Data Sheet Only)

HO ADE
Director General Force Development (Air)

* 0

Director Aircraft Engineering - Navy
Director of Naval Architecture

*0 0



0• •

Engineering Development Establishment Library
US Army Research, Development and Standardisation Group (3 copies)

DGELS AIRREG4 HQLC
PDR AF
OIC ATF, ATS, RAAFSTr, WAGGA (2 copies) 6

UNIVERSITIES AND COLLEGES

Australian Defence Force Academy
Library 0
Head of Aerospace and Mechanical Engineering

Melbourne
Engineering Library

* 0

Monash
Hargrave Library
Head Materials Engineering
Prof R. Jones Mechanical Engineering

Newcastle
Professor R. Telfer Institute of Aviation

Sydney
Engineering Library
Head School of Civil Engineering
Head School of Mechanical & Mechatronic Engineering
Head School of Aeronautical Engineering

NSW
Head Mechanical Engineering 0

Tasmania
Engincering Library

Western Australia •
Head Mechanical Engineering

RMrr
Library
Head Aerospace Engineering 0

* 0



OTHER GOVERNMENT DEPARTMENTS AND AGENCIES

AOPS ()
Department of Transport & Communication, Library
Civil Aviation Authority
SEC of Vic., Herman Research Laboratory, Library
Australian Nuclear Science and Technology Organisation

OTHER ORGANISATIONS •

NASA (Canbma)
ASTA Engineering, Document Control Office
Ansett Airlines of Australia, Library
Qantas Airways Limited
Hawker de Havilland Aust Pty Ltd, Victoria, Library
Hawker de Havilland Aust Pty Ltd. Bankstown, Library
BHP Melbourne Research Laboratories

CANADA
NRC

J.H. Parkin Branch (Aeronautical & Mechanical Engineering Library)

Universities and Collegeg

Toronto * *
Institute for Aerospace Studies

FRANCE
ONERA

GERMANY 0 0
Fachinformationszentrum: Energie, Physic, Mathematik GMBH

INDIA
CAARC Coordinator Structures
National Aeronautical Laboratory, Information Centre S

INTERNATIONAL COMMITTEE ON AERONAUTICAL FATIGUE
per Australian ICAF Representative (27 copies)

ISRAEL 0 5
Technion-Israel Institute of Technology

JAPAN
National Aerospace Labora.tory
National Research Institute for Metals, Fatigue Testing Div. •

- • l m .. .. . . a l . . . .. . ... ... ... . ... . ... . .. .. .. . . ... .. . .' . .. . ... . . .. . .. .. ... . .. . .. . . .. . .. .. . . . . . .. . . . . ' . .. . . . . . . .. . . .. . . . . . .. . .0l



NETHERLANDS 0
National Aerospace Laboratory (NLR), Library * 6

NEW ZEALAND
Defence Scientific Establishment, Library
RNZAF

Canterbury
Library
Head Mechanical Engineering

SINGAPORE
Director Difence Materials Organisatlon

SWEDEN
Aeronautical Research Institute, Librm'y

SWITZERLAND
F+W (Swiss Federal Aircraft Factory)

UNITED KINGDOM
Ministry of Defence, Research, Materials and Collaboration * * *
Defence Research Agency (Aerospace)

Farmborough
-Head Materials and Structures

National Engineering Laboratory, Library
British Library, Document Supply Centre •
CAARC Coordinator, Structures
Welding Institute, Library
British Aerospace

Kingston-upon-Thames, Library
Hatfield-Chester Division, Library 0

Universities and Colleges

Bristol
Engineering Library

Cambridge
Library, Engineering Department

London
Head Acro Engineering * 0

Manchester
Head Dept of Engineering (Aeronautical)

Nottingham 0 0
Science Library

* 0



Southampton 0
Library

* S

Cranfleld Inst. of Technology
Library

Imperial College
Aeronautics Library * •

UNITED STATES OF AMERICA
NASA Scientific and Technical Information Facility
Boeing Commercial Airplanes
United Technologies Corporation, Library •
Lockheed California Company
Lockheed Georgia
McDonnell Aircraft Company, Library

Universities and Colleges • •

Florida
Aero Engineering Department
Head Engineering Sciences

Johns Hopkins 0 * 0
Head Engineering Department

Iowa State
Head Mechanical Engineering

Princeton
Head Mechanics Department

Massachusetts Inst. of Technology
MIT Libraries •

SPARES (6 COPIES)

TOTAL (141 COPIES)

*

.. . . .. . . .. . . . . .. ., . . .. . . . . . .. . . .. . . ... .... . . .. . . .. . . .. . . .. .,. .. . . ..i .. . . . . . . . .. . . .. ..0



ALUIlP DWAwaeorIttPDIN PAMN CLASUD-ATION0
UNCLASSnV.D-

DOCUMENT CONTROL DATA !. P

I& AR UMsmR W~ ITA&M*1MWrUMWI L. DOdClMT bAII lTASSKWW&A
A•-O-369 ARL.RR.17 OCTOBER 1993 DST92/06•9

&. T= & Ia~JwT~a .AamC •NO, PAMlS
W~k AAIVPU1?% MAUUCA11O

COLD EXPANSION AND INTER.FERENCE m a, ,mc 28

FOR EXTENDING THE FATIGUE LIFE OF Mr1%utQftI tW ,
MULfl-LAYER METAL JOINTS uWAAMWi)nni.

13 0 0
DOOJU6UM T=u AMhAC~r

L. AWWKlgSC3 S. DO WADNOSAUU 'I UINSIXUOTION

J.M, FINNEY Not applicable,

10, COLVOAII AUTh Wl1 AND AINJU2S 11, Oftsl"OrNKtdSWPONSOILki k'C

AERONAUTICAL REKSARCH LASORATORV DSTO

AIRFRAMPS AND ENGINEN DIVISION

He LORIMAR STREET 0 0 O
DOWNGIL~tU _____

1,1BIRM&ENS SEND Vic 3207 CAED
APPROVAL

I2L X',WbAJIY DIlSl lm W POP IOU 00MULbr)

Approved for public rclcam, 0

OVlUKLAA UINQUI•MA (riII. Tllr'ATh]i LOAIrATIONSI WIA A) U S UII ILD T4I4J1(I1 UATIC, AOMI UIIt1ATIVK AINVAId, IKANU4M, InPAIT'IO,
DI~ErNCE. tWA C P.[ AlJ MI" O*11 ,• Tt " €,

I13. T15 DUXCUMNT MAY il ANNOUNCLD UP CATAddUEIKA AND AWAJWNIJSS AURVIC.' AVAS .AL, TO ....

Nu limiLations,

mL2 •TrA11'N KI O1ISAK1JSPO(•S LCASUAL 
0

AsNINJNdawnl MAY ka UHl1CT"1O OR A PMO 11.

14 1,CKdPIDNI i.DI•CAT IUIJUMT

...Ants Expansion cAISokUm
Aluminum alluys Cold working 1305 0 0
FauLgus fifr Interference fit dovlccs
Holes (ovenlnis) Fasteners
I4D, RALT

TIV. Influences of both hole cold expansion and interference.fit fasteners for extending the fatigue life of
multi-layer aluminium alloy joint specimens under variable-amplitude loading have been examined
experinentally. Improvements in fatigue life were markedly dependent on the degree of load transrfer In the 0
specimen joint. The cold expansion offastener holes enhanced fatigue li/e in low-load-trans/er joints but
not In 100%-load-transfer joints, The use of interference-fit fatsteners, especially at high degrees of
interference, was an effective means of life lmproverrent irrespective of proportion of load trans/er.
Interfacial frettlng limited the improvement In fatigue life of low-load-transfer jtlntsx to a factor of about 6,
and, although some fretting occurred in l00%-Ioad-transfer joints It was not determinative, and a 40.fold
increase in fatigue l(fe was obtained with a combination of hole cold expansion and interference-fit 0
fastener,

-0



PAOICLUVIC4T=1

ThuPAIOmuiiwiii~m nom4~i~ W10 I PQUIDlyTi UAE)WPO mCwi AOI.AlWU11N D

AERONAUTICAL RESEARCH LABORATORY, MELBOURNE

1,OlfAM K U It. WA MMOMS 3, IYKi W upmT AMe AIUC CODWuf 0 0

Riwvh Report 172127

21,WW.IT COMM 0AMI UM~

21. U1AAMI.JAWST MA RMai~

1.A~jrMKNAL MNUMA11ON [AS NQU1MIID


